The 'systemic inflammatory response syndrome' (SIRS) may represent the underlying cause of complications after bone marrow transplantation (BMT). This study was conducted to determine whether blocking the etiologic factors of SIRS could improve the complications of BMT. Sixteen consecutive patients with unrelated donors were allocated alternately to two groups. Seven patients received 1.8 g/day of eicosapentaenoic acid (EPA) orally from 3 weeks before to about 180 days after transplantation, while nine patients did not. These two groups were compared with respect to complications, survival, and various cytokines and factors causing vascular endothelial damage. All seven patients receiving EPA survived and only two had grade III graft-versus-host disease (GVHD). Among the nine patients not receiving EPA, three had grade III or IV GVHD. In addition, thrombotic microangiopathy developed in four patients and cytomegalovirus disease occurred in four. Five patients died in this group. The levels of leukotriene B 4 , thromboxane A 2 , and prostaglandin I 2 were significantly lower in patients receiving EPA than in those not receiving it (all P Ͻ 0.01). Cytokines such as tumor necrosis factor-␣, interferon-␥, and interleukin-10 were also significantly decreased by EPA (P Ͻ 0.05), as were factors causing vascular endothelial damage such as thrombomodulin and plasminogen activator inhibitor-1 (P Ͻ 0.05). The survival rate was significantly higher in the group given EPA (P Ͻ 0.01). EPA significantly reduced the complications of BMT, indicating that these complications may be manifestations of the systemic inflammatory response syndrome. Bone Marrow Transplantation (2001) 28, 769-774.
Bone marrow transplantation (BMT) has become an increasingly common therapy not only for malignant hematopoietic diseases but also for autoimmune diseases. However, the complications of BMT still pose a serious problem. In our recent report, 1 we raised the possibility that various complications of BMT may arise from a single pathological entity called the systemic inflammatory response syndrome. We also suggested that suppression of inflammatory cytokines, such as tumor necrosis factor (TNF)-␣ and interferon (IFN)-␥, as well as prevention of vascular endothelial damage were likely to be effective methods for preventing complications after BMT. Eicosapentaenoic acid (EPA) has been reported to be effective in the suppression of inflammatory cytokines and prevention of vascular endothelial damage without serious sideeffects. 2, 3 The present study was performed in patients who received BMT from unrelated donors to assess the effectiveness of prophylactic oral EPA therapy in preventing complications.
Materials and nethods

Subjects
After consent was obtained, patients were randomized to receive the drug or not receive it by the envelope method. For randomization, four envelopes were provided, consisting of two containing a sheet of paper indicating assignment to the drug and two indicating assignment to no drug. The investigator opened one envelope at a time and assigned the patient to the group that was indicated. This trial is a single-center, randomized, parallel-group, controlled study. The subjects were 16 consecutive patients who underwent unrelated allogeneic BMT at our institution from June 1998 to December 1999. The patients were randomized to a group that received EPA (n = 7) and a group that did not (n = 9) (EPA and non-EPA groups, respectively). EPA was administered orally at a dose of 600 mg three times daily (1.8 g/day) from day 21 before BMT to around day 180 after BMT. Table 1 shows the age, gender, underlying disease, and disease stage of all patients. All of the donors were unrelated, but the human leukocyte antigen (HLA) match was complete. 26/F AML CR1 BU/CY/TBI CsA/MTX/mPSL LBL = lymphoblastic lymphoma; SAA = severe aplastic anemia; CML = chronic myelogenous leukemia; ALL = acute lymphoblastic leukemia; AML = acute myelogenous leukemia; MDS = myelodysplastic syndrome; RAEB = refractory anemia with excess of blasts; CR = complete remission; CP = chronic phase; Bu = busulfan; CY = cyclophosphamide; TBI = total body irradiation; CsA = cyclosporin A; MTX = methotrexate; mPSL = methylprednisolone.
Management of BMT
All patients received the same conditioning regimen, the same prophylaxis for graft-versus-host disease, 4 and the same prophylaxis for cytomegalovirus infection. 5 For antimicrobial therapy before and after BMT, polymyxin B sulfate (3 000 000 units), an oral solution of vancomycin hydrochloride (1500 mg), amphotericin B syrup (1200 mg), oral fluconazole (300 mg), and inhalation of amphotericin B (several times) were administered between around days −21 and +30. Administration of sulfamethoxazole-trimethoprim was started around day −10, while intravenous infusion of antibiotics and acyclovir was started around day −7. Based on clinical manifestations such as fever and laboratory data such as the C-reactive protein (CRP) and ␤-d glucan levels, 6 the antibiotics and antifungal agents were adjusted as necessary. Granulocyte colony-stimulating factor (G-CSF) (lenograstim (5 g/kg), filgrastim (5 g/kg), or nartograstim (8 g/kg)) was administerd to all patients from day 5 until the WBC exceeded 10 × 10 9 /l.
Diagnosis of complications
The classification of acute GVHD was based on the diagnostic criteria of the 1994 Consensus conference on acute GVHD grading, 7 and the highest grade up to day 100 after transplantation was determined. Cytomegalovirus (CMV) interstitial pneumonitis was diagnosed by the following five criteria: (1) symptoms of fever, nonproductive cough, and tachypnea, (2) hypoxia, (3) radiological findings suggestive of interstitial pneumonia, (4) detection of CMV-DNA in the bronchoalveolar lavage fluid, and (5) no evidence for another cause of pneumonia. CMV encephalitis was diagnosed by the following five criteria: (1) fever, (2) convulsions or disturbance of consciousness, (3) findings suggesting encephalitis on magnetic resonance imaging or single photon emission computed tomography, (4) detection of CMV-DNA in cerebrospinal fluid, and (5) no evidence for another cause of encephalitis. A diagnosis of thrombotic microangiopathy was made when the reticulocyte count increased and the platelet count decreased in addition to criteria corresponding to grade 2 or higher in the classification of Zeigler et al 8 (fragmented erythrocytes comprising at least 1.3% of 2000 counted peripheral blood cells and elevation of LDH).
Blood sampling and assays
Blood samples for all assays were collected into tubes containing 3.8% citric acid at a ratio of 1:9. After separation by centrifugation at 1500 r.p.m. for 10 min at 4°C, plasma was stored at −80°C. All parameters were measured at the following times: (1) before conditioning (before EPA therapy), (2) on day 0 of BMT before bone marrow infusion, (3) during the aplastic phase on days 5-10 after BMT, (4) during rapid of the white blood cell count (WBC) recovery on days 11-20, (5) at the time of WBC stabilization after discontinuation of G-CSF on days 21-28, and (6) at the time of maximum symptoms.
Assay of cytokines
The levels of the following cytokines were investigated: tumor necrosis factor-␣ (TNF-␣), interferon-␥ (IFN-␥), interleukin (IL)-1␤, IL-2, IL-6, IL-8, IL-10, IL-12, and intercellular adhesion molecule-1 (ICAM-1). All cytokines were measured in duplicate each time using ELISA kits (Endogen, Woburn, MA, USA) and the mean values were determined.
Assay of other parameters
Plasminogen activator inhibitor type 1 (PAI-1) activity was determined using a commercially available chromogenic assay (Biopool, Ventura, CA, USA) (normal 4-43 ng/ml). Soluble thrombomodulin was measured by a commercially available sandwich enzyme immunoassay 9 based on a monoclonal antibody (Fuji-rebio Co. Ltd, Tokyo, Japan) (normal р4.5 FU/ml). Metabolites of EPA and arachidonic acid such as leukotriene (LT) B 4 , thromboxane (TX) B 2 (the stable metabolite of TXA 2 ), and 6-keto-prostaglandin (PG) F 1 ␣ (the stable metabolite of PGI 2 ) were determined.
Statistical analysis
Statistical analysis was done using the Mann-Whitney U test or the log-rank test as appropriate, and P Ͻ 0.05 was considered to indicate a significant difference.
Results
There were no significant differences in age, sex, underlying disease, disease stage, conditioning regimen, and GVHD prophylaxis between the EPA group and the non-EPA group ( Table 1 ). All of the 16 recipients and their respective donors were positive for anti-CMV IgG antibodies (and were negative for IgM antibodies). Consequently, it seemed unlikely that there was a significant difference between the two groups in risk factors for CMV disease. Among the nine patients not receiving EPA therapy, three developed severe GVHD (grade III or IV), three had grade II GVHD, four had thrombotic microangiopathy, four had CMV disease (all four had interstitial pneumonitis and two had encephalitis), and two had no complications.
Among the seven patients receiving EPA therapy, two had grade III GVHD, one had grade II GVHD, and the others had no complications (Table 2 ). In the non-EPA group, five patients died whereas all of seven patients in the EPA group survived. When survival curves were calculated by the Kaplan-Meier method, the outcome was significantly better in the EPA group (P Ͻ 0.01; log-rank test, Figure 1 ). There were no significant differences between the two groups in terms of length of febrile period and maximum CRP level, and the regimen for prophylaxis of infection after BMT was the same in all patients ( Table 2 ). The changes in various cytokines were studied from before conditioning (before starting EPA) until the time of maximum symptoms. The EPA group showed significantly lower levels of TNF-␣, IFN-␥, and IL-10 compared with the non-EPA group (P Ͻ 0.05; t-test) (Figures 2-4 ). There were no significant differences between the two groups with regard to the other cytokines and adhesion molecules studied (data not shown). In the non-EPA group, the throm- GVHD = graft-versus-host-disease; TTP/HUS = thrombotic thrombocytopenic purpura/hemolytic-uremic syndrome; CMV = cytomegalovirus; IP = interstitial pneumonitis; TMA = thrombotic microangiopathy; CNS = central nervous system; A = alive; D = dead; CRP = C-reactive protein (mg/dl). Days = days since BMT.
Bone Marrow Transplantation were also compared between the EPA and non-EPA groups. LTB 4 , TXB 2 , and 6-keto-PGF 1 ␣ levels were significantly lower at the time of maximum symptoms in the EPA group compared with the non-EPA group (LTB 4 ; P Ͻ 0.01, TXB 2 , P Ͻ 0.01, 6-keto-␣ PG, P Ͻ 0.01) (Figures 7-9 ). In the patients who developed grade III GVHD despite administration of EPA, the levels of TNF-␣, IFN-␥, and IL-10 were increased, along with an elevation in LTB 4 , TXB 2 , 6-keto-PG F 1 ␣, PAI-1, and thrombomodulin. In the patients without complications from the non-EPA group, no elevation of these cytokines and arachidonic acid metabolites was noted, and the PAI-1 and thrombomodulin levels were also low.
Discussion
The present study was planned as a larger trial, but because a significant difference in survival appeared between the two groups at an early stage, the interim results are being reported here. Among the various complications of BMT, it is known that GVHD, 10,11 thrombotic microangiopathy, 12 CMV disease, 13 respiratory dysfunction resembling adult respiratory disease syndrome, 14 and central nervous system dysfunction 15 are accompanied by vascular endothelial dysfunction. We have previously shown that certain cytokines, chemokines, and adhesion molecules participate in the development of endothelial damage in each of these complications. [10] [11] [12] [13] [14] [15] In addition, we have reported that these various complications can all be considered as manifestations of the systemic inflammatory response syndrome (SIRS). 1 In this syndrome, dysfunction of multiple organs is caused by vascular endothelial damage arising from increased production of inflammatory cytokines induced by certain stimuli or inflammation. 16, 17 Because our hypothesis suggests that vascular endothelial dysfunction in various target organs may cause the complications of BMT, these complications should be substantially reduced if SIRS can be prevented, ie if suppression of the post-BMT increase of inflammatory cytokines can prevent the development of vascular endothelial damage. EPA is reported to be effective in suppressing both increase of inflammatory cytokines and vascular endothelial damage, and also causes few sideeffects. 2, 3 The present study was performed to assess whether EPA could prevent the complications of BMT.
EPA is known to suppress the production of inflammatory cytokines. Arachidonic acid in the membranes of white blood cells is metabolized to LTB 4 , which promotes the migration, adhesion, and aggregation of leukocytes. LTB 4 also has various potent pro-inflammatory actions, including the release of lysosome, activation of natural killer cells, and promotion of the production of TNF-␣, IL-2, and IFN-␥. 18 Like arachidonic acid, EPA is metabolized by 5-lipoxygenase, but it forms LTB 5 instead of LTB 4 . LTB 5 also binds to the LTB 4 receptor and it also activates leukocytes and promotes the development of inflammation, but it is far less damaging than LTB 4 . 19 Because reagents for an LTB5 assay did not exist, only LTB 4 was measured in the present study. The LTB4 level was significantly lower in the EPA group than in the non-EPA group (P Ͻ 0.01), indicating that EPA suppressed LTB 4 production. It has been reported Bone Marrow Transplantation that EPA directly suppresses the production of inflammatory cytokines such as TNF and IL-1, 2 while it also indirectly decreases the levels of inflammatory cytokines such as IL-6 and IL-2 through stimulation of concanavalin A and phytohemagglutinin, 18, 20 and scavenges free radicals. 21 In the present study, the levels of cytokines such as TNF-␣, IFN-␥, and IL-10 were significantly decreased in the EPA group, while the levels of IL-1␤, IL-2, and IL-6 were not significantly different between the EPA and non-EPA groups. Thus, by exerting a direct anti-inflammatory effect and by acting through LTB 4 , EPA caused a significant decrease of the inflammatory cytokines that are thought to be involved in causing various complications of BMT. In patients who developed severe complications during treatment with EPA, the levels of these cytokines were increased despite EPA therapy, while the levels of these parameters were low in patients from the non-EPA group when no complications occurred. These findings support our hypothesis about the role of SIRS in the pathogenesis of complications after BMT.
The inhibition of platelet aggregation by EPA is related to its prevention of vascular endothelial dysfunction. Namely, EPA acts on platelets as well as the endothelial cells and smooth muscle cells in the vessel wall, by replacing arachidonic acid in the cell membrane. 18 It has been shown that the incorporation of EPA into platelets and megakaryocytes alters the fatty acid composition of circulating platelets. 22 In platelets, arachidonic acid is metabolized by cyclooxygenase to TXA 2 , which potently enhances platelet aggregation. In the vascular wall, in contrast, it is metabolized by cyclooxygenase to PGI 2 that potently inhibits platelet aggregation. Vascular potency and blood flow are maintained by the balance between these two processes. When EPA is metabolized by cyclooxygenase in platelets and the vascular wall, it forms TXA 3 and PGI 3 , respectively. Unlike TXA 2 , TXA 3 does not enhance platelet aggregation, 23 while PGI 3 is as effective as PGI2 in inhibiting platelet aggregation. Thus, the net effect of EPA is to inhibit platelet aggregation. It is also important that EPA replaces arachidonic acid in the platelet membrane, and thus decreases the pool of this precursor of TXA 2 .
Comparison of the EPA and non-EPA groups in terms of TXB 2 and 6-keto PGF 1 ␣, which are stable metabolites of TXA 2 and PGI 2 , respectively, showed that the levels of both metabolites were significantly lower in the EPA group (P Ͻ 0.01). In patients receiving EPA, adhesion of platelets to the vessel wall was reported to be markedly reduced. 24 In addition, it has been reported that EPA can inhibit thrombosis, 25 augment endothelial cell-dependent vasodilatation through nitric oxide and PG, 26 increase nitric oxide production by endothelial cells, 27 and increase the production and release of endothelium-derived relaxing factor that has a local antiplatelet effect in the vascular wall. 28 Because of these properties, EPA may have prevented vascular endothelial dysfunction after BMT, thus significantly decreasing the levels of indicators of such dysfunctions like thrombomodulin and PAI-1 in the EPA group. The amelioration of the complications of BMT thus achieved may have contributed to the improvement of survival in this group.
In summary, the present study indicated that inflammatory cytokines increase after BMT, causing progressive vas-cular endothelial dysfunction which manifests as SIRS. Because SIRS seems to be involved in the pathogenesis of complications after BMT, EPA can reduce such complications by suppressing the two typical mechanisms which lead to SIRS, ie an increase of inflammatory cytokines and progressive vascular endothelial dysfunction. Accordingly, the prophylactic administration of EPA may be effective in reducing the complications of BMT. Outside Japan, EPA is available as fish oil, which is sold as a health food. An increased relapse rate after BMT due to a decreased graftversus-leukemia effect may not be a problem because the mechanisms related to prevention of complications by EPA do not involve immunological cells directly. However, further studies are necessary to assess both recurrence rate and efficacy in a larger number of patients.
